An algorithm for estimating daily spatial actual evapotranspiration (ET) from remotely sensed MODIS data is presented. It is based on the surface energy balance scheme and the modified PriestleyTaylor equation, and has been applied to the MODIS data acquired during growing seasons over the Laohahe River basin, northeastern China. Spatial distributed mapping of daily ET for 22 clear sky days in the year of 2000 from MODIS images over the study area were obtained. In order to validate ET values estimated from MODIS data, regional daily ET values were calculated using the lumped modified Xinanjiang hydrologic model and distributed SWAT model based on the water balance scheme, respectively. The relationship between actual daily ET estimated from MODIS images and basin-scale ET calculated from the hydrologic model were in good agreement with acceptable correlation coefficient. The results suggested that the algorithm is applicable and operational for estimating and mapping basin-scale distributed daily actual ET over the study area. In order to use the algorithm proposed by this paper for water resource management and agricultural decision making, the algorithm should be validated using more data and be tested under different environment and different land use scenario conditions in future work.
INTRODUCTION

Evapotranspiration (ET) is an important variable for water
and energy balances on the Earth's surface (Rivas & Caselles ; Sobrino et al. ) . The knowledge of the distribution of ET is a key factor in hydrology and agriculture, ecology and in other environmental studies. The accurate estimation of basin-scale actual ET is a difficult problem in hydrologic models due to the complex nature of soil evaporation and vegetation transpiration (Zhao ) . Many station-based observations of actual ET were conducted in large-scale field experiments by using various measurement instruments such as lysimeters, Bowen ratio system and eddy covariance tower (Hall et al. ; Wang & Mitsuta ) . In general, eddy covariance is often considered as the most reliable and advanced method for measuring land surface energy fluxes. However, it is commonly recognized that conventional techniques employing point measurements to estimate the components of energy balance are only of local scales and cannot be extended to large areas due to the spatial heterogeneity of land surface processes (Pelgrum & Bastiaanssen ; Su ) . Satellite remote sensing provides an unprecedented global coverage of critical hydrologic data which are logistically and economically impossible to obtain through ground-based observation networks (Jiang & Islam ) . Formal spatial models can be generated to derive a quantitative assessment of the spatial distribution of actual ET. Many principal parameters such as net radiation and vapor pressure deficit are vital to drive most actual ET estimating models. Remote sensing and GIS-based modeling techniques make it possible and easier to derive these important parameters for actual ET mapping at basin or regional scale.
The objective of this study was to model the spatial distribution of actual ET over the Laohahe River basin, northeastern China using remotely sensed MODIS data and to evaluate the model performance. A lumped hydrologic model and a spatially distributed hydrologic model were separately utilized in this basin and actual ET calculated from a water balance equation using the hydrologic models was used to evaluate the performance of the ET estimation model from MODIS images.
The residual method is a commonly used scheme to calculate surface latent heat flux based on the surface energy balance:
where λE is the latent heat flux, H is the sensible heat flux, R n is the net radiation (including long-wave and shortwave), and G is the soil heat flux. Obtaining spatial information of net radiation and soil heat flux is possible from satellite remote sensing images and derive information from them. But significant uncertainty exists in the estimation of sensible heat flux using remotely sensed data, because the aerodynamic resistance and surface roughness length are difficult to estimate accurately (Stewart et al. ; Chehbouni et al. ) . Therefore, direct acquisition of sensible heat flux H from satellite observation was avoided in many studies on ET (Zhao ) . 
where e a is the air vapor pressure at a reference height (often 2 m); e a * is the air saturation vapor pressure; Δ is the gradient of the saturated vapor pressure to the air temperature; (Δ ¼ de a * /dT ), and γ is the psychrometric constant. The f(u)
term represents some function of the wind velocity; A and B are model-dependent parameters; and ψ is generally taken to be unity.
Equation (2) gives daily estimates of latent heat flux with high reliability when applied locally, but has been less successful when applied over large areas (Parlange et al. ) . One of the major stumbling blocks is that we are unable to obtain effective regional values for the free parameters in these equations (Jiang & Islam ) .
where α ¼ 1.26 is the Priestley-Taylor parameter. Equation 
where φ is a modified form of the parameter α ranging from 0 to 1.26. Equation (4) In this paper, an algorithm based on Equation (4) 
Estimation of actual ET from MODIS images
The modified Priestley- Taylor 
where LST max , LST min and LST i are, respectively, the maximum, minimum and the estimated pixel land surface 
where T a is instantaneous air temperature (K), which was calculated from daily maximum and minimum air tempera-
The psychrometric constant γ was calculated according to the research of FAO (Allen et al. ):
where P is atmospheric pressure (kPa), and z is elevation above sea level (m).
Net radiation, R n Net radiation R n is calculated as
where R s is the incoming short-wave solar radiation
); α is the surface albedo; R l ↓ is the long-wave downward radiation (W m À2 ) from the atmosphere; and R l ↑ is the long-wave upward radiation from land surface
The parameter R s is calculated as
where K 0 is the solar constant at the top of the atmosphere (¼1,370 W m À2 ); dr is the Sun-Earth distance calculated from the day of year; τ sw is the atmospheric clear-sky short-wave transmission factor; and θ is the solar zenith angle. The factor τ sw is obtained by (Tasumi et al.
)
where Z is pixel elevation obtained from DEM data. where R(i) is the ith band's reflectance of MODIS images.
Given a certain atmospheric condition, the atmospheric long-wave downward radiation (R i ↓) is expected to be homogeneous over a large synoptic area ( Jiang & Islam ) .
Thus the measurements of R i ↓ from the Chifeng ground station within the study area were applied to the whole study region.
The parameter R i ↑ is calculated as 
where T s is land surface temperature (K).
Daily actual ET
The ET estimated from MODIS data was instantaneous for the time of the satellite sensor overpass. According to the model by Jackson et al. () , the instantaneous ET (E_i)
can be converted to daily actual total ET under the assumption that the diurnal change of ET is similar to that of solar irradiance on a clear day. The method is
where E_d is the daily ET, t is the time (beginning at sunrise) when a MODIS image is acquired, N is the time period between sunrise and sunset in units of t, D is the day of year, and L is the pixel's latitude.
Hydrologic models
XAJ model
The The performance of the model is measured using the Nash-Sutcliffe efficiency (NS, Equation (23)) and r-squared (R 2 , Equation (24)):
where Q obs i is observed streamflow (m 3 /s) at time step i, Q sim i is the simulated streamflow (m 3 /s) at time step i, In order to use the algorithm proposed by this paper for water resource management and agricultural decision making, the algorithm should be validated using more data and be tested under different environments and different land use scenario conditions in future work.
